[1] Between 20 and 80 kyr ago several cooling cycles occurred in the Northern Hemisphere which culminated in a discharge of icebergs into the North Atlantic. These so called ''Heinrich Events'' (HEs) were followed by an abrupt shift to a warmer climate. Here we use a coupled ocean-atmosphere-sea ice model to study the response of the climate system under glacial conditions to a hypothetical HE. The HE is simulated by meltwater discharges and combined changes in land albedo and ice sheet topography mimicking a break-up of a considerable part of the Laurentide ice sheet. Despite very different initial strengths of the overturning circulation in the Northern Hemisphere, the model response to the HEs is qualitatively similar. A warming of ocean and atmosphere temperatures due to the topography/albedo changes is simulated after the iceberg discharge. North Atlantic Deep Water (NADW) formation drops and reestablishes due to the meltwater event.
Introduction
[2] Dansgaard-Oeschger temperature oscillations, seen in Greenland ice core data, seem to be bundled into slow-cooling cycles occurring every 10 -15 kyr [Dansgaard et al., 1993] . Correlating North Atlantic sea sediment data with the Greenland ice core records, Bond et al. [1993] found that iceberg discharges (seen as detrital carbonates in the sediment cores) appear to occur at the ends of the longer-term cooling periods (7 -10 kyr). A striking feature in these climate records is the abrupt shift to a warmer climate just after periods of slow cooling and iceberg discharges (Heinrich Events). Ice core records from Greenland show in some cases a temperature rise by several degrees within a few decades [Johnsen et al., 1992] . The cause of these rapid warmings is still unclear.
[3] Massive iceberg discharges could have influenced the climate system in several ways. Important sea level changes due to meltwater [Blanchon and Shaw, 1995] may have led to other circulation patterns in the ocean. Changes in land surface albedo due to the ice sheet's collapse may have changed the local radiation balance. Elevation changes of the Laurentide ice sheet could have caused changes in the air circulation [Lehman, 1993] by affecting the atmospheric's stationary wave circulation [Jackson, 2000] . Finally, important sea surface salinity (SSS) perturbations in high northern latitudes could have weakened the meridional overturning motion (e.g. Rahmstorf [1995] and references therein) leading to an abrupt climate change [Broecker, 1994; Manabe and Stouffer, 1995] . It has been shown in recent glacial simulations that meltwater events can even cause a temporary complete shut down of the glacial meridional overturning depending on their strength [Seidov et al., 1996; Seidov and Haupt, 1999; Weaver, 1999] and the region where they are applied [Seidov and Maslin, 1999] .
[4] Here, we investigate the response of a coupled oceanatmosphere-sea ice model to the competing land surface topography/albedo changes (leading to a warming) and freshwater flux perturbations (leading to a weakening of the meridional overturning, thus to a cooling) associated with a collapse of a part of the Laurentide ice sheet.
Model Description and Experimental Setup
[5] We use the UVic Earth System Climate Model (ESCM), which consists of an ocean general circulation model (Modular Ocean Model, Version 2, Pacanowski [1995] ) coupled to a vertically integrated two dimensional energy-moisture balance model of the atmosphere and a dynamic-thermodynamic sea ice model [Bitz et al., 2001] . The model version used here is described in Weaver et al. [2001] . It is driven by seasonal variations in solar insolation at the top of the atmosphere and seasonally-varying wind stress at the ocean surface. Boundary conditions for the Last Glacial Maximum (LGM) simulations are the same as in Weaver et al. [1998] . We use elevated topography based on a reconstruction of northern hemisphere ice sheets [Peltier, 1994] . The planetary albedo is raised by 0.18 over continental ice sheets.
[6] All experiments presented here are computed with near surface advection of specific humidity as described in Weaver et al. [2001] . Schmittner et al. [2001] show that changes in the formulation of the atmospheric hydrological cycle induced by different wind fields have an important impact on the glacial ocean circulation. To study the sensitivity of the model's response to meltwater events we choose as initial conditions for the perturbation experiments three LGM simulations characterised by very different overturning strengths. In experiment HE_GFDL, wind velocities used in moisture advection as well as for a specified wind stress are taken from the LGM simulation of the GFDL (Geophysical Fluid Dynamics Laboratory) atmospheric general circulation model (AGCM) [Broccoli, 2000] .
[7] To construct an additional wind field for our LGM simulation, we subtracted near surface wind velocities and wind stress from the GFDL's GCM present day simulation from those of the LGM simulation. These anomalies were than added to the present day wind velocities and wind stress obtained from the NCEP reanalysis [Kalnay et al., 1996] . The experiment driven with these wind data is called experiment HE_ANOM and is identical to experiment LGM_ADV_1B in Schmittner et al. [2001] .
[8] A third approach is given by computing wind and wind stress anomalies within the atmospheric model. This method consists of the calculation of surface pressure anomalies via surface atmospheric temperature (SAT) anomalies. Wind and wind stress anomalies can then be calculated (see Weaver et al. [2001] for a detailed description) and are added to the NCEP data. The resulting wind stress and wind fields are used for experiment HE_WFB (wind stress feedback). Like in Schmittner et al. [2001] , a previous LGM simulation taken from Weaver et al. [2001] was used to initialise the different experiments. Each experiment was then integrated for 1500 years to reach a quasi-equilibrium before starting an Heinrich Event (HE).
[9] The amount of meltwater involved in an HE is still poorly known; drowned coral reefs in the Caribbean give evidence for GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 14, 10.1029 /2001GL013514, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2001GL013514$05.00 three meter-scale increases in sea level occurring simultaneously with HEs [Blanchon and Shaw, 1995] . Model calculations suggested that 10 6 km 3 may have been discharged [MacAyeal, 1993 ] which corresponds to a 2.6 metres sea level rise. Here, we removed 1.36 Â 10 6 km 3 inland ice at the north-eastern edge of the Laurentide ice sheet, i.e., we changed instantaneously the ice sheet topography and the surface albedo in this region to present day values (Figure 1) . A globally-averaged lapse-rate is used to reduce the models apparent sea level temperature over land topography and causes higher SAT over the region with modified topography. Note that this area can still be covered by snow, leading to high surface albedos. As in Weaver [1999] a short surge (105 yr) scenario of the Hudson Strait Ice Stream was used as external freshwater forcing simultaneously to the elevation changes. The freshwater fluxes were obtained from simulations of an ice-sheet model [Marshall and Clarke, 1997] and correspond to 4.4 Â 10 4 km 3 of icebergs being released.
[10] To separate the effects of changes in topography/albedo and perturbations of the freshwater flux each experiment was repeated with changes in topography/albedo or in freshwater flux, only (see Table 1 ).
Meltwater Events
[11] Each experiment started with a different initial condition (Figure 2 ) and the meltwater event of 105 years duration commenced at year 50. The initial maximum of the meridional streamfunction is equal to 19 Sv for HE_GFDL, so that HE_GFDL represents a present-day type circulation. With 11.3 Sv, HE_A-NOM typifies an LGM circulation [Boyle, 1995] . In Experiment HE_WFB, the thermohaline circulation is shut down (3.8 Sv) and characterises a likely oceanic circulation before an HE [van Kreveld et al., 2000] . The two experiments with high and medium overturning (HE_GFDL and HE_ANOM) show a drop in North Atlantic Deep Water (NADW) formation during the meltwater event followed by reestablishment to its initial strength as in Weaver [1999] whereas the formation of Antarctic Bottom Water (AABW) remains unchanged (not shown). Experiment HE_WFB, on the other hand, is characterised by a slight increase in the maximum overturning stream function due to a local maximum near the surface at 50°N. The large-scale overturning cell is weakened as in Experiment HE_GFDL and HE_ANOM (AABW formation shows a slight increase of 0.5 Sv, not shown). In all three cases the control experiments with freshwater perturbation only (green lines) show similar results to the experiments with freshwater and topography/albedo changes (black lines). During the control experiments with topography/albedo changes only (red lines), the strength of the meridional streamfunction is not affected.
[12] Time series of SAT and sea surface temperatures (SST) averaged over the northern North Atlantic (see Figure 1 ) are also shown in Figure 2 . The SAT increases in all three cases by 1.4°C whereas the SST shows a weaker warming of 0.1°C for HE_WFB, 0.14°C for HE_ANOM and 0.19°C for HE_GFDL. In all three experiments the control experiments with only albedo changes (red lines) follow closely the results of the experiments with freshwater and albedo changes (black lines). The SAT and SST are only slightly affected in the control experiments with only freshwater perturbations (green lines).
Interpretation and Discussion
[13] Changes in the overturning streamfunction during HEs are principally caused by the external freshwater forcing. The maximum overturning streamfunction is hardly affected by changes in albedo and topography during the three ALB simulations. On the other hand, the FW experiments show (Figure 2 ) that independent of the initial overturning strength, we can separate the albedo/ topography effect causing an atmospheric and oceanic warming from the meltwater effect, leading to a transient weakening of the overturning.
[14] For all experiments the thermohaline circulation reestablishes to its initial strength and circulation pattern after each meltwater event. As the perturbation of the thermohaline circulation was relatively weak in all three experiments, we performed a fourth experiment similar to HE_GFDL but with a freshwater input 30 times stronger (corresponding to the amount of freshwater removed from the continents). In this case, the meridional overturning collapses from 20 Sv to 5 Sv and recovers slowly after the meltwater event, similar to the first three runs (not shown). SSS averaged over the northern North Atlantic (not shown) drops by 7 psu and recovers quickly, whereas the decrease did not exceed 0.2 psu for the other experiments. The averaged SAT increases by 1.35°C-roughly the same amount as for the first three experiments; this allows the conclusion that Figure 1 . Annual-mean SAT (in°C) (Experiment HE_WFB) and ice sheet topography (all experiments), differences between integration year 750 and 25. The blue contour lines indicate the changes in the ice sheet (isoline spacing is 500 m). The dashed black box indicates the average area for Figure 2 . Note that the local maximum in SAT changes above the changed ice sheet equals 30°C. This data is shown on the rotated grid. even in this case the warming is due to the topography/albedo changes only.
[15] Figure 1 displays the SAT changes due to an HE for the most realistic case Experiment HE_WFB. Over Greenland, the warming does not exceed 0.4°C-a much weaker response than temperature variations seen in ice core data. The simulated warming in all experiments is weaker than sediment core data suggest [van Kreveld et al., 2000] leading to the conclusion that topography/albedo changes cannot be the only reason for the abrupt warmings after HEs. This leaves rapid changes in the meridional overturning in the North Atlantic as the most consistent cause for the large amplitude temperature increase.
[16] van Kreveld et al. [2000] suggest that after an HE the cold and fresh North Atlantic would have led to sea ice formation over large areas. Brine rejection leading to saltier and denser surface waters could have been the trigger for a stronger meridional overturning motion and a thus a warming. In our simulation, the sea ice effect is not large enough to confirm this theory. Ganopolski and Rahmstorf [2001] were able to switch into another warmer ocean circulation mode after a meltwater event by triggering a simple 2-D ocean model with a sinusoidal freshwater perturbation (and thus extracting freshwater from the surface layer after the event). As our model displays three stable glacial circulation modes with different overturning rates, another possible scenario for a crucial warming might be changed wind patterns after the surge, driving the oceanic circulation from a HE_WFB type to a HE_GFDL type. The stronger northward heat transport would lead to an important increase in SST and SAT.
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